42 known combustion and pyrolysis chemistry considerations. The mix of emissions in the PMF factors from the 43 https://doi.org/10.5194/acp-2020-66 Preprint. Discussion started: 24 February 2020 c Author(s) 2020. CC BY 4.0 License. chaparral fuels had a slightly different composition: the Comb-N factor was also mostly NO, with small amounts of 44 HNCO, HONO and NH3, the HT-N factor was dominated by NO2 and had HONO, HCN, and HNCO, and the LT-N 45 factor was mostly NH3 with a slight amount of NO contributing. In both cases, the Comb-N factor correlated best with 46 CO2 emission, while the HT-N factors from coniferous fuels correlated closely with the high temperature VOC factors 47 recently reported by Sekimoto et al., (2018) and the LT-N had some correspondence to the LT-VOC factors. As a 48 consequence, CO2 is recommended as a marker for combustion Nr emissions, HCN is recommended as a marker for 49 HT-N emissions and the family NH3/particle ammonium is recommended as a marker for LT-N emissions. 50 51
26
The Nr/total-carbon ratios measured in the emissions were compared with fuel and ash N/C ratios and mass to estimate 27 that a mean (±std. dev.) of 0.68 (±0.14) of fuel nitrogen was emitted as N2 and N2O. The remaining fraction of Nr was 28 emitted as individual compounds: nitric oxide (NO), nitrogen dioxide (NO2), nitrous acid (HONO), isocyanic acid 29 (HNCO), hydrogen cyanide (HCN), ammonia (NH3), and 44 nitrogen-containing volatile organic compounds 30 (NVOCs) . The relative difference between the total reactive nitrogen measurement, Nr, and the sum of measured 31 individual Nr compounds had a mean (±std. dev) of 0.152 (±0.098). Much of this "unaccounted" Nr is expected to be 32 particle-bound species, not included in this analysis.
33
A number of key species, e.g. HNCO, HCN and HONO, were confirmed not to correlate only with flaming 34 or only with smoldering combustion when using modified combustion efficiency (MCE = CO2/(CO + CO2)) as a 35 rough indicator. However, the systematic variations of the abundance of these species relative to other nitrogen-36 containing species were successfully modeled using positive matrix factorization (PMF). Three distinct factors were 37 found for the emissions from combined coniferous fuels, aligning with our understanding of combustion chemistry in 38 different temperature ranges: a combustion factor (Comb-N) (800-1200°C) with emissions of the inorganic 39 compounds NO, NO2 and HONO, and a minor contribution from organic nitro compounds (R-NO2); a high-40 temperature pyrolysis factor (HT-N) (500-800°C) with emissions of HNCO, HCN and nitriles; and a low-temperature 41 pyrolysis factor (LT-N) (<500°C) with mostly ammonia, and NVOCs, with the temperature ranges being based on Stockwell et al., 2015) . These compounds are produced at much lower abundance from fuel pyrolysis and partial 81 reactions with the radical species in 86 Yokelson et al., 2009) . The known N-compounds range in oxidation state from NH3 to HNO3 and include N2 and N2O.
87
Among the more prominent and important Nr species are: NOx (NO and NO2) which is a key player in the atmospheric 88 oxidant cycle; NH3 which has a major role in particle formation; nitrous acid (HONO) which can be an important 89 radical source; hydrogen cyanide and acetonitrile (HCN, CH3CN) which are toxic at high concentrations and represent 90 valuable tracers for following fire transport; and isocyanates, isocyanic acid and methyl isocyanate (HNCO, CH3NCO) 91 which have unique health impacts (Roberts et al., 2011) . In addition, nitro (-NO2), or nitrogen heterocyclic compounds 92 may contribute to so-called brown carbon, aerosol organic compounds exhibiting optical absorption in the near-UV 93 or blue wavelength regions. Wildfire N emissions also have very minor contributions from gas phase nitric acid 94 (HNO3). Nitric acid is either not efficiently produced by BB or is readily incorporated into aerosol if it is produced in 95 fresh wildfire plumes, as is clear from the absence of HNO3 enhancements in several studies of BB plumes (Liu et al., 
102
The construction of Nr-budgets in this work is made possible by the inclusion of a total reactive nitrogen 103 measurement (termed Nr herein), a method by which all nitrogen compounds besides N2 and N2O are converted to NO 104 and detected by NO-O3 chemiluminescence. This technology has been developed by a number of groups, typically 105 using precious metal or NiCr catalysts that have been shown to convert all Nr compounds to NO (and to some extent 106 NO2) at high temperatures (750-825°C) ( 
114
This paper will describe the total reactive nitrogen, and individual Nr compound measurements made during 115 the FireLab 2016 experiment. The total Nr measurements will be combined with CO2, CO, and VOC measurements 116 and fuel, residue and ash C and N content to estimate the amount of N lost to N2 and N2O. Fire-integrated Nr will be 117 https://doi.org/10.5194/acp-2020-66 Preprint. Discussion started: 24 February 2020 c Author(s) 2020. CC BY 4.0 License. compared to fire-integrated measurements of individual compounds to determine the fraction of unaccounted-for Nr.
118
The systematic behavior of individual Nr species and their fractional contribution to Nr will be examined with respect 119 to fuel type, N content, and combustion processes. A positive matrix factorization (PMF) technique will be used to 120 examine commonalities between fires of different fuels under different conditions and compared to the PMF analysis 121 of the VOC emissions published by Sekimoto et al., (2018) . The results will be used to arrive at suggested guidelines 122 that can be used estimate Nr-emissions profiles for fires representative of western North America.
124 2 Methodology

125
The FireLab 2016 study involved laboratory burns of fuels mostly characteristic of western North American 126 wildfires, but also some that have global significance such as Indonesian peat and yak dung. The procedures and 127 associated details of the study have been described previously by Selimovic et al., (2018) and will be only briefly 128 summarized here. The detailed data on fuel types, amounts and composition can be found in Table S1 , and in the 129 Supplemental section of Selimovic, et al., (2018) . The laboratory burns involved fuel samples, ranging in mass from 130 0.26 to 6.02 kg. Fires were started without the addition of any contaminants, using an electric igniter (a series of NiCr 131 heating elements that were flash-heated electrically), and typically lasted from approximately 5 to 30 minutes.
132
Seventy-five fires were conducted in the configuration where the smoke was directed up the central stack of the facility 133 where it could be sampled simultaneously by all the instruments that measured gas phase species, and some of the 134 particle phase measurements. The sampling platform was about 15 m above the fire and the sampling took place in 135 well-mixed smoke approximately 5s after emission (Christian et al., 2004). Thirty-one additional fires were conducted 136 on most of the same fuels, when the stack was closed and the room was allowed to fill with smoke, permitting sampling 137 to be done over the course of several hours. The following analyses will focus on the "stack" burns, as those 138 measurements had little or no interferences from surfaces, where "room" burns are known to be compromised by the 139 loss of materials, such as NH3, to the room walls at long sample times (Stockwell et al., 2014) . Ash analyses were 140 performed only on the residues from the room burns and those values will be used for the N and C budget calculations, 141 with the assumption that stack and room burns left similar ash considering the combustion conditions were the same 142 for each type of fire. 
204
The application of PMF to this data set is different than the instances where it is applied to data from a single 205 instrument in which compound abundances are inherently scaled properly and error estimates are well defined and 206 self-consistent. For example, when applied to mass spectral data from a single instrument, errors can be expected to 207 scale as the square root of ion counts based on fundamental counting statistics (Sekimoto et al., 2018) . In this work 208 we are including nitrogen measurements from several instruments, thus we chose to use mixing ratios as the unit of 209 comparison. The error estimates required by the PMF analysis were taken from the reported combined uncertainties: 210 the sum of the detection limit plus the estimated random error of the measured value. The variables that were used in 211 this PMF analysis and their units and corresponding errors are listed in Table 2 . Where compound categories are 212 specified (e.g. nitriles), the values were the sum of the measured compounds in that category as listed in the footnotes 213 to Table 1 . The data were further adjusted by subtracting the ambient air background before and after the fires, which 214 was a relatively minor adjustment for most compounds and categories. Any negative numbers that resulted were very 215 small compared to the fire emissions, and were set to zero. 
318
The fire-integrated measurements of inorganic and NVOC species are listed in the Supplemental section as 319 ratios to Nr for each stack fire (Table S1 ). The summary of all the fire integrated Xi/Nr fractions (where Xi is the Nr 320 species or quantity) is given in Table 3 for all the fires for which we have a complete set of measurements (43 fires).
321
In general, NO was the major species followed by NH3, and the other inorganic pyrolysis factor (HT-N), and (3) a low temperature pyrolysis factor, (LT-N). We use these terms in part to harmonize 370 our discussion with the VOC results discussed by Sekimoto 2018. An example timeseries for the PMF analysis of a 371 coniferous fuel with just the Nr species included is shown in Figure 9 for a realistic mix of lodgepole pine (Fire 063),
372
and Figure S2 shows the consolidated time series of all coniferous fuels fit using just the Nr species. The three factors 373 successfully describe the majority of the Nr-emissions where the difference between the measured and calculated mass 374 is on average 5.1% for coniferous fuels and 4.6% for chaparrals as indicated in Table 4 .
The 'loadings' of the three different factors, i.e. the contribution of compounds to each factor, for coniferous 376 fuels are shown in Figure 10(a) , and the distribution of a given compound or compound class amongst the three factors 377 is shown in Figure 10 in Figure 8 . The excellent correlation of Comb-N with CO2 is a broadly applicable result, the R 2 parameters for all the 404 fires shown in Figure S2 had an average of 0.898, and ranged from 0.806 to 0.966. As a consequence, we can conclude 405 that CO2 would be the best tracer for Comb-N in many western U.S. ecosystems where conifers predominate, provided 406 ambient CO2 backgrounds can be properly accounted for as described by Yokelson et al., (2013a).
407
Our Comb-N factor did not correspond to the high temperature VOC factor (HT-VOC) found by Sekimoto 408 et al., (2018), because combustion produces NOx, and HONO, but almost none of the compounds classified as VOCs 409 survive these conditions. However, the HT-N and HT-VOC factors were well correlated for many fires. An example 410 of this is shown in Figure 12 for Fire 037, a sample that was broadly representative of ponderosa pine (i.e. canopy and 411 litter). This result can be rationalized by the fact that while HT-VOC factors have large contributions from many more compounds that the N compounds measured here, they also have large contributions (>85%) from HCN, HNCO, and 413 HONO, (in other words >85% of HCN, HNCO and HONO are found in the HT-VOC factor). Since the HT-N factors 414 are also heavily weighted by HCN and HNCO, it is reassuring that both of these PMF analyses have independently 415 identified these species as important contributors to the HT fire regime. The R 2 correlation coefficients of HT factors 416 for the coniferous shown in Figure S2 averaged 0.866 and ranged from 0.419 to 0.959. As a consequence of this 417 correlation, we can conclude that HCN is the best marker for the HT-N and HT-VOC factors in most western U.S.
418
wildfires, since HCN is essentially inert on the timescales of fire plumes.
419
The correlations of LT-N and LT-VOC factors were not particularly high for most of the coniferous fires 420 shown in Figure S2 . The average R 2 was 0.427 with a range of between 0.072 and 0.827. The reasons for this lack of 421 correlation are not clear, as NH3, amines and amides appear predominantly in both LT factors, and the absolute 422 concentrations of NH3 are usually quite high in these fires relative to VOCs (Sekimoto et al., 2018) . However, the LT-
423
VOC factor includes many more compounds with a variety of functional groups not found in the LT-N factor, so it 424 appears that the VOC and N compounds have sufficiently different pyrolysis chemistry that the LT factors do not 425 show much correlation. We conclude that NH3 (and particle NH4 + ) will be the best marker for the LT-N factor in 426 western U.S. coniferous wildfires, but the LT-VOC chemistry might not be captured reliably by this marker.
427
The emissions from burning chaparral fuels (manzanita and chamise) collected at two sites in California were 428 also analyzed as a group and yielded three separate factors in a fashion similar to the coniferous fuels (see Figure S4 429 for the PMF timeline). The chaparral factors had slightly different composition ( Figure S5 ), the combustion factor 430 was mostly NO, with small amounts of HNCO, HONO and NH3, the high temperature factor was dominated by NO2 431 and included HONO, HCN, and HNCO, and the low temperature factor was mostly NH3 with a slight amount of NO 432 contributing. The NVOC species were found in both the medium and low temperature factors.
433
There was less similarity between the Comb-N factor and CO2 emissions for chaparral fuels compared to 434 those found for coniferous fuels, with an average correlation coefficient (R 2 ) of 0.689, with a range from 0.244 and 435 0.950. As a result, there may not be a simple conserved tracer for the combustion factor of these fuel types, however 
443
Instead the emissions were mostly the pyrolysis products NH3, (0.22 -0.53 Nr fraction), and HCN (up to 0.32 Nr 444 fraction for peat). It was also apparent that these fires also had unaccounted for Nr, close to, or just over 0.30 (Table   445   S1 ). The distribution of Nr compounds in the one peat fire that we measured (Fire 055) is in line with those reported The application of our Nr emissions results to real-world fires will depend somewhat on the nature of the 449 information available on a particular fire, or fire complex. As a good starting point, or in the absence of detailed N 450 and C analyses of fuels, a Nr/C ratio of 0.37% appears to capture most of the fires studied in this work. The Nr can be 451 apportioned according to the results summarized in 
